Topological crystalline insulator (TCI) is
The quantum anomalous Hall (QAH) state is a topological quantum state with quantized Hall resistance and zero longitudinal resistance under a zero magnetic field [1] [2] [3] . The QAH dissipation-free chiral edge state enables potential applications in the next-generation electronic and spintronic devices with low-power consumption [4] .
Although the possibility of QAH effect was first envisioned by Haldane in 1988 [1] , little experimental progress was made in the following two decades. This is the case because the realization of the QAH state in a real material requires a ferromagnetic insulator with inverted band structure [4] [5] [6] . This stringent condition is found to be satisfied in magnetically doped topological insulators (TI) [2, 7, 8] . Indeed, the QAH effect was observed in 5 quintuple layers (QL) Cr-doped (Bi , Sb) 2 Te 3 thin films in 2013 [3] . Since this initial discovery of the QAH state [3] , intensive theoretical and experimental research has been focusing on finding the QAH state in other material systems [4] [5] [6] , specifically high-Chern-number QAH state in Cr-doped Bi 2 (Se,Te) 3 [9] and magnetically doped topological crystalline insulator (TCI) [10] . The high-Chernnumber QAH effect in Cr-doped Bi 2 (Se,Te) 3 is the consequence of the stronger exchange field induced two or more pairs of inverted subbands [9] , whereas the highChern-number QAH effect in magnetically doped TCI is due to the existence of the multiple Dirac surface states [10] . In the former system, the non-square or hysteresisfree loop makes the realization of the high-Chern-number QAH effect nearly impossible [11] . Moreover, the required stronger exchange field will more likely drive the magnetic TI into a semimetal instead of the high-Chern-number QAH phase [9] .
In the latter system, since the multiple Dirac surface states are the intrinsic property of TCI [12] , it would seem feasible to realize the high-Chern-number QAH effect provided that the ferromagnetism with perpendicular anisotropy is found in the magnetically doped TCI films [10] . Compared with the single chiral edge channel of the QAH effect realized in magnetically doped 3D TI films [3, [13] [14] [15] , the presence of the multiple dissipation-free chiral edge channels in the high-Chern-number QAH state would lower the contact resistance and increase the breakdown current of the edge conduction. Both properties are highly desirable for improving the performance of the future QAH state-based chiral interconnects [16] .
The topological nature of TCI is protected by the crystal symmetry [12] instead of the time reversal symmetry. The fact that it harbors even number of Dirac surface states leads to many possible fascinating topological phenomena in TCI, e.g. spinfiltered edge states [17] , quantum spin Hall effect [18, 19] and high-Chern-number QAH effect [10] . SnTe, with the rock-salt structure (Fig. 1a) , has been predicted to be a TCI with even number nontrivial Dirac surface states on high-symmetry crystal surfaces, such as (001), (110) and (111) [12] . The Dirac surface states on SnTe (001) and (111) surfaces have been observed in angle-resolved photoemission spectroscopy (ARPES) measurements [20] [21] [22] . Unlike the Dirac cones on the (001) surface that are centered at the non-time-reversal-invariant-momenta (TRIM) points, all four Dirac cones on the (111) surface of SnTe are located at the TRIM (  and  ) points, respectively, as shown in Fig. 1b . Therefore, the Dirac surface states on SnTe (111) surface are protected not only by the crystal symmetry but also by the time reversal symmetry [23] . In the presence of a Zeeman field (i.e. ferromagnetic order) and/or strain, the four Dirac cones on SnTe (111) surface are gapped, as shown in Fig. 1c . If the chemical potential is tuned into all the Zeeman gaps at  and  points simultaneously, the QAH state with Chern-number C=±4 will be realized.
The Dirac point at  point is predicted to be higher (Te-terminated) or lower (Sn-terminated) in binding energy than the Dirac point at  point in SnTe (111) surface [23, 24] . This binding energy difference is indeed observed, specifically, ~170 meV in bulk SnTe (111) sample by ARPES measurements [22] and ~140 meV in 30 nm film grown on 30 nm Bi 2 Te 3 (111) by transport measurements [25] . Since the Zeeman gap is usually several meVs, depending on the T C of the ferromagnetic order, it is impossible to achieve the high-Chern-number QAH effect in the bulk or thick SnTe (111) samples. However, quantum confinement effect can modify the bulk band structure of thinner film [26] , possibly making the Dirac points at  and  points located at the same energy level. In addition, we note that in Pb 1-x Sn x Se (111) thin films, ARPES measurements reveal the Dirac points at  and  points has no relative binding energy difference [27] . Therefore, the Dirac cones at  and  points in SnTe (111) film could be well tuned at the same binding energy level by tuning the thickness and/or compositions of the films.
The SnTe films have been grown by molecular beam epitaxy (MBE) technique on various substrates, e. g. Si (111) [28] , Si (100) [29] , SrTiO 3 (001) [30] , BaF 2 (111) [31, 32] , BaF 2 (001) [33] . Due to lattice mismatch, SnTe films grown on the above substrates have relatively low quality as compared with the MBE-grown TI films [3, 34] . Recently, SnTe (111) films grown on the Bi 2 Te 3 (111) buffer layer are found to be of much higher quality [21, 25, 35] . However, the high electrical conduction of thick Bi 2 Te 3 buffer film (~ 7 nm in [21] , ~ 30 nm in [25] and ~ 4 nm in [35] ) will inevitably affect the transport property of the SnTe (111) films [25] . In addition to the difficulty of fabricating the SnTe (111) thin films, it is also challenging to dope the transition metal ions into SnTe to achieve well-defined ferromagnetic order with perpendicular anisotropy [36, 37] . Indeed, ferromagnetic order with square Hall hysteresis loop in magnetically doped SnTe film is to date lacking.
In this paper, we report experimental studies of pure and Cr-doped SnTe (111) films with thickness of 12 double layers (DL) (~ 4.3 nm) grown on the heat-treated (111) substrate (Fig. 2a) indicates its atomic flat surface, which is suitable for the TCI film growth. The sharp and streaky '1×1' patterns of 12DL Sn 0.9 Cr 0.1 Te film (Fig. 2c) grown on 1QL ( buffer film are also seen in the XRD spectrum. In addition, we also carried out XRD -scan measurements on a 12DL Sn 0.9 Cr 0.1 Te film. The XRD -scan result (Fig. 2e) shows a peak repetition of 60 o , indicating the twin domains are formed in our we carried out X-ray reflectivity (XRR) measurements and found the average roughness of the film is ~0.33nm (See Supporting Materials). Such a roughness is comparable to the average roughness of the Cr-doped TI films of the same thickness [40] . In addition, the high resolution scanning transmission electron microscopy (STEM) is also employed to characterize the Cr-doped SnTe film. The highly-ordered lattice structure is seen (Fig. 2f) and the uniform Cr distribution inside the host SnTe matrix is confirmed by the energy-dispersive X-ray spectroscopy (EDS) mapping (Fig.   2g ). . 3a) . Similar to the TI thin films, the insulating ground state in TCI films is possibly due to the combination of electron-electron interaction and topological delocalization [41, 42] . Figure 3b shows the normalized magnetoresistance MR= xx (H)/ xx (0) measured at different angles between the magnetic field ( 0 H) and the normal of the film plane. When º , namely when  0 H is perpendicular to the film plane, the MR shows a downward cusp near zero magnetic field. This cusp feature is consistent with weak anti-localization effect [25, 31] . As is gradually increased to º, the cusp at zero magnetic field broadens, indicating the weakening of the contribution from 2D massless Dirac fermions in TCI films [31] .
The Hall trace of 12DL SnTe (111) film measured at 2 K is shown in Fig. 3c SnTe (111) film increase with decreasing the temperature (Fig. 3d) , and a small decrease is observed at low temperatures, which is possibly due to the presence of the insulating ground state.
In order to realize the QAH state in TCI, ferromagnetic order must be introduced into SnTe (111) films. Unlike the magnetic proximity effect, ferromagnetic order induced by direct doping of transition metal ions is more uniform, thus the four Dirac cones on top and bottom surfaces of TCI films can be gapped simultaneously. As noted above, the C=1 QAH state to date has been realized only in Cr-and V-doped (Bi,Sb) 2 Te 3 films [3, 15] . Therefore, we dope traces of Cr ions in the SnTe (111) films. does not saturate at low temperatures but increases much faster than logarithmic function (the inset of Fig. 4a) , suggesting that the insulating behavior cannot be attributed to Kondo effect [44] . In order to determine more accurately T C , we symmetrically make Hall measurements at 100 K < T < 120 K. The inset of is two times higher than that of Cr-doped TI with the same doping level [15, 45] . This observation excludes the interpretation that the ferromagnetism observed here is due to the Cr interdiffusion into the 1QL (Bi,Sb) 2 Te 3 buffer film. Moreover, ferromagnetism is formed in the Cr-doped (Bi,Sb) 2 Te 3 only when the thickness is above 3QL [47] .
To realize the high-Chern-number QAH state in Cr-doped SnTe (111) film, the third and also the last requirement is to tune the chemical potential to be located within all four Zeeman gaps (Fig. 1c) 
